Epigenetic therapies may play a prominent role in the future management of solid tumors. This possibility is based on the clinical efficacy of existing drugs in treating defined hematopoietic neoplasms, paired with promising new data from preclinical and clinical studies that examined these agents in solid tumors. We suggest that current drugs may represent a targeted therapeutic approach for reprogramming solid tumor cells, a strategy that must be pursued in concert with the explosion in knowledge about the molecular underpinnings of normal and cancer epigenomes. We hypothesize that understanding targeted proteins in the context of their enzymatic and scaffolding functions and in terms of their interactions in complexes with proteins that are targets of new drugs under development defines the future of epigenetic therapies for cancer.
Introduction
The last decade has witnessed an explosion in our understanding of epigenetic modifications in cancer, including a growing appreciation of its complexity and plasticity (1) (2) (3) (4) . These developments have poised us for an exciting time to translate this knowledge into the concept of "epigenetic therapy" for cancer. To date, such therapies have gained traction largely within the sphere of hematopoietic malignancies; however, an improved understanding of the determinants of sensitivity to existing drugs, both in laboratory and early clinical trial paradigms, suggests true potential for solid tumors (5, 6) . Moreover, recent studies may pave the way for newly emerging drugs and novel drug combinations in solid tumor treatment.
Key facets of the epigenome
The basic machinery. Epigenetics provides a mechanism to mediate heritable changes in patterns of gene expression without intrinsic changes in the DNA sequence (1) (2) (3) (4) (7) (8) (9) . Epigenetic control, including interactions between DNA methylation, histone modifications, and nucleosome remodeling, determines access to DNA, which then maintains cellular transcription patterns and genome structural integrity. A steady-state arrangement of coding and noncoding regions of DNA is established to regulate gene expression and maintain stable cell phenotypes (1) (2) (3) (4) (7) (8) (9) . These interactions play a central role in normal development and adult cell renewal (2, 8, 10) .
The extensive alterations in epigenetic interactions that occur in cancer are broadly termed the "cancer epigenome" (1, 2, 4) . Abnormalities in DNA methylation and chromatin become evident early in cancer initiation and progression, including in cancer risk states. (2, 4, 11, 12) . A recent data-driven view of these abnormalities suggests a widespread breakdown in epigenetically mediated boundaries in linear and three-dimensional arrangements of nuclear DNA that normally maintain separation of more actively transcribed DNA regions from repressed regions (2, (13) (14) (15) .
The machinery of epigenetic control resides in chromatin, the structure of DNA and histone proteins, which is regulated by DNA modifications, such as methylation, and histone modifications, including acetylation, ubiquitylation, sumoylation, and methylation. The core element of chromatin is the nucleosome, which includes 147 base pairs of DNA coiled around a histone octamer made of pairs of histones H2A, H2B, H3, and H4 (3, 8) . These nucleosomes participate in establishment of chromatin boundaries in the genome through regulated modifications on the amino acids on the extending tails and more internal regions of histone proteins (3, 8, 16) . Additionally, the spacing of nucleosomes determines three-dimensional aspects of DNA packaging such that dense, closely compacted nucleosomes, often in association with highly methylated DNA, suggests transcriptional repression, and looser nucleosome positioning, or open chromatin, is typical of actively transcribed domains (17, 18) . Finally, chromatin boundaries distinguishing active versus inactive transcription domains are separated by binding of insulator proteins that interact with all of the above (2, 14, 19) .
The geography of epigenetic control of the genome. Early epigenetic research typically concentrated on gene promoter regions. For cancer, this emphasis was focused on the initial epigenetic abnormalities discovered, including alterations in DNA methylation and histone lysine acetylation (2, 4, 20) . Although such regions remain vital, recent evidence indicates that epigenetic regulation affects key sites distal to promoters, many controlling the transcription of not only coding but also noncoding regions and affecting the three-dimensional organization of DNA (21) . For example, many histone modifications and DNA methylation are critical to the activity of enhancer regions distal to gene start sites and participate in regulating whether genes are poised for transcription or are fully repressed or active (22) (23) (24) (25) . Understanding this landscape will be important in designing epigenetic therapy strategies for cancer.
The interactions of genetics and epigenetics. A robust interplay between genetic and epigenetic changes drives tumorigenesis. Early examples include the mutagenic potential of DNA-methylated cytosines and the consequences of epigenetically controlled loss of function in DNA repair genes such as MLH1 and O-6-methylguanine methyltransferase (MGMT) (2, (26) (27) (28) . More recent findings suggest that essentially all cancer types harbor mutations in genes encoding regulatory proteins responsible for establishing and maintaining epigenomes (2, 29) . Even mutations in histones at key amino acids for modifications can seemingly cause cancer (30) . While it remains to be definitively determined how such mutations cause specific epigenetic abnormalities in cancer, given the difficulties of therapeutically altering mutations, reversing the downstream consequences of oncogenic mutations in epigenetic regulators is an attractive strategy.
Therapeutically targeting the cancer epigenome
The cancer epigenome-regulating "machinery." The potential of epigenetic therapy for solid tumors is intimately tied to the ability to specifically target individual proteins that regulate the cancer epigenome. Epigenetic regulators can be broadly broken down into "writers" (enzymes that establish DNA methylation or histone modifications), "erasers" (proteins that remove these marks), and "readers" (proteins that bind modifications and facilitate epigenetic effects) (refs. 2, 3, 31-33, and Figure 1 ). In addition, "movers" are protein complexes that position the nucleosomes across the genome (refs. 18, 29, 34 , and Figure 1 ).
In cancer, global genome DNA hypomethylation is frequently observed, along with regional hypermethylation involving gene promoters (2, 4, 20) . The genome-wide losses often affect chromosome pericentromeric regions, which may elicit structural consequences for chromosomal instability and abnormal transcriptional consequences for repeat sequences (35) (36) (37) (38) . While cancers can exhibit hypomethylation of normally methylated promoter regions, which may correlate with upregulated transcription, this route of oncogene activation is not frequently observed (39) . Cancer-related losses of DNA methylation can also involve gene bodies and regions flanking genes. Unlike transcriptional repression associated with DNA methylation in promoter regions, gene body losses strongly correlate with decreased gene expression (15, 21, 24) .
Regional de novo, cancer-specific gains of DNA methylation in cancer have been primarily ascribed to CpG-enriched DNA (CpG islands) in and around gene promoters that are not normally DNA methylated during development (2, 4, 8, 9, 11) . This latter point is still often not appreciated and is essential when looking for targetable, cancer-specific events. Such promoter DNA methylation can be associated with decreased gene expression in tumor suppressor genes, acting as an alternative mechanism for transcriptional silencing (2, 4, 8, 9, 11) . Nearly all tumors contain hundreds of DNA-hypermethylated genes (40) (41) (42) (43) (44) (45) and similar changes in noncoding regions that harbor microRNAs (46, 47) . Dissecting the importance of these instead of the gene network alterations in driving tumorigenesis is challenging, given that most of these genes do not harbor known loss-of-function mutations (2, 4, 8, 9, 48) . We contend that many of these genes, or groups of genes, are important, especially those that can help prevent loss of self-renewal capacity of tumor stem-like cells and/or prevent cells in the tumor from differentiating (5, 41) . A key element of our argument lies in the fact that the majority of genes in cancer with typical de novo, cancer-specific gains in promoter region DNA methylation are developmental genes with key roles in balancing stem cell renewal and lineage commitment during development (41, (49) (50) (51) .
Targeting DNA methylation abnormalities in cancer involves the protein complexes that regulate and functionally interact with methylated DNA (Figure 2 ). DNA methylation in promoter regions exerts transcriptional repression in the context of chromatin and nucleosome position, which may target DNA methylation and/ or be recruited by it (refs. 2-4, 11, and Figure 2) . A key element is the deacetylation of histone tail lysines that is often integral to transcriptional silencing (2, 4, 11, 20, (52) (53) (54) . Histone deactylases (HDACs), principally HDAC1 and -2, along with the class 3 HDAC, sirtuin 1 (SIRT1), are integrally linked to the initiation and/or maintenance of repression for DNA-hypermethylated genes (55, 56) . Growing evidence suggests that these HDACs are recruited to abnormally DNA-methylated promoters in at least four ways ( Figure 2 ). First, the three enzymes that catalyze DNA methylation, DNA methyltransferase 1 (DNMT1), -3A, and -3B, each bind HDAC1 and -2 (57-61). Second, DNA methylation recruits methylcytosine-binding proteins (MBDs; MBD1, MBD2, MBD3, and MeCP2), which also mediate transcriptional repression and bind these HDACs (62, 63) . Third, a key component of the nucleosome remodeling and deacetylase (NuRD) repressive remodeling complex, CHD4, which binds HDAC1 and -2, may be integral in maintenance of transcriptional repression of DNA-hypermethylated genes (64) . Further, nucleosomes assume a compacted organization over the start sites of DNA-hypermethylated genes (65) , and complexes like NuRD are likely critical in controlling this aspect of transcriptional repression. Fourth, SIRT1 and the long-term gene-silencing complex polycomb (PcG) may be integrally linked to the acquisition of DNA-hypermethylated gene promoters during tumorigenesis (56, 66, 67) . PcG proteins are key regulators of many developmental genes that are subject to abnormal promoter
Figure 1
Various classes of epigenetic modifiers. The epigenetic machinery consists of components that catalyze the covalent modifications of histone tails or the DNA (writers). These marks are interpreted by proteins (readers) that bind to the epigenetic marks, resulting in regulation of gene expression. Another class of proteins (erasers) reverses the epigenetic marks by catalyzing their removal. A class of protein complexes (movers) catalyzes the shifting of nucleosomes, resulting in a compact or relaxed chromatin. Here, the broad importance of these proteins in the context of gene silencing is shown. Writers acting separately on histones and DNA result in inactive histone modifications and CpG methylation. Erasers (such as LSD1) remove active histone modifications. Protein readers that bind to active histone (black lollipops) marks (e.g., bromodomain containing 4) are shown in green, those binding to inactive histone (white lollipops) marks (e.g., heterochromatin protein 1, chromobox homolog 7) are shown in pink, and those binding to methylated CpG (green lollipop denotes unmethylated CpG; red lollipop denotes methylated CpG) are shown in brown. The histone movers are shown to play a role in compacting chromatin. Once silenced, a gene will be maintained in the silenced state across cell divisions via recruitment of the writers in every cell cycle.
DNA methylation in cancer. (41, 49, 68) . We recently defined one or more complexes linking DNMTs, PcG proteins, and SIRT1 to the vulnerability of genes to DNA hypermethylation in cancer that is recruited to CpG island promoters during inflammatory-like stress, a key cancer risk state (ref. 67 and Figure 2 ).
Many regulatory proteins involved in abnormal DNA methylation in cancer epigenomes, including DNMTs, HDACs, MBDs, and PcG proteins are targetable and actively being pursued for roles in cancer therapy (Figure 2 ). Any approach to reversing abnormal DNA methylation changes in cancer needs to consider the complexities of epigenetic regulation, and targeted therapies may best be used in combination.
Consequences of targeting the cancer epigenome: stratifying passenger versus driver events. Specifically targeting the core processes that regulate epigenetic changes in cancer, predictably, may have complicated molecular and phenotypic consequences. We hypothesize that the therapeutic efficacy will depend on the epigenetic events that drive the tumor phenotype. The overall core characteristic of the cancer epigenome, especially with regard to abnormal DNA methylation changes, appears to reflect a breakdown of boundaries that separate transcriptionally active DNA regions from surrounding regions (refs. 2, 14, 15, 67, and Figure 2 ). Deep sequencing efforts for DNA methylation in cancer support this hypothesis and show that certain genomic regions, spanning megabase distances on multiple chromosomes, may particularly harbor abnormalities (15, 69) . Within these regions, the most prominent change in cancers, which may increase similar mosaic patterns in normal tissues, are large areas of losses of DNA methylation, termed "partially methylated domains" (PMDs) (15, 69) . Intriguingly, embedded within these PMDs are very focal, cancer-specific gains of DNA methylation that principally involve the hypermethylated promoter CpG islands (15, 69) . Such findings suggest a more variable role for DNA methylation losses and more of a potential driver change for focal DNA methylation gains. A recent study comparing deep sequencing analyses of DNA methylation patterns in metastases versus primary tumor pairs from patients with prostate cancer highly supports this proposal (70) . The losses of DNA methylation were not clonally maintained between the two tumor sites and seemed universally spread over all chromosomes. In contrast, the focal gains were clonally maintained, largely involved the A subset of genes with CpG island promoters in embryonic and adult stem cells have both the active (H3K4me3) and inactive (H3K27me3, PcG mark) marks at their promoters, termed "bivalent" marks, in which the genes have a low but poised expression state. Genes that are hypermethylated in cancers frequently have such bivalent marks in the embryonic and adult stem cells. When repetitive insults to cells, such as inflammation, recruit the DNA methylation machinery into the CpG islands of these vulnerable genes, this can initiate abnormal methylation for some of these genes (far right panel). The NuRD complex, a key platform for HDAC1 and -2, may be a part of the complex that maintains silencing of the methylated CpG islands containing genes. Various components of the epigenetic machinery that mediate gene silencing are being targeted already (red ovals), and others are potential targets (green ovals) for cancer therapy.
promoter CpG islands, and often correlated with decreases in gene expression (70) . Although hypomethylation alterations were more numerous than hypermethylation changes, these hypomethylation changes were not enriched for promoter regions.
Differing patterns of DNA methylation abnormalities are emerging from deep sequencing analyses of multiple tumor types (42) (43) (44) (45) . Tumors can dramatically differ in the numbers of focal, promoter CpG island gains in DNA methylation, as is evident in colorectal tumors (42, 71) . These differences likely reflect epigenetic abnormalities imposed on the normal epigenetic control of the cell compartments that give rise to tumor subtypes. This paradigm is evident for breast cancer, in which focal DNA methylation gains are more characteristic of more differentiated, luminal subtypes than tumors with basal or triple-negative characteristics (41, 72, 73) ; the latter appear to be driven by an epigenome profile dominated by PcG occupancy-mediated gene repression (73) . This stratification is important in future consideration of epigenetic therapies because the targeting of PcG activity, and particularly the enzyme enhancer of zeste homolog 2 (EZH2), which catalyzes the prototype PcG repression mark of H3K27 methylation, is an emerging therapy (74) (75) (76) . Would stressing the latter approach for the triple-negative tumors versus targeting DNA methylation gains in the luminal subtype be the most constructive consideration, or would variable combinations of such therapies be optimal? Indeed, utilizing tumor epigenetic patterns to guide approaches to treatment will be critical for further development of epigenetic therapies in breast cancer and other solid tumors.
Epigenetic therapy as a "reprogramming" approach. The consequences for even very specific biochemical targeting of each writer, eraser, reader, and mover will likely be diverse. These proteins each contribute and work together to establish and maintain broad patterns of gene expression (2, 3, 77, 78) . Furthermore, each protein often has complex biochemical functions. For example, many of the writers and erasers have both enzyme functions to catalyze specific DNA or histone modifications, often even affecting non -nuclear substrates, and each may have scaffolding functions for interacting with companion proteins that determines functions, recruitment, and stability of the complexes (ref. 3 and Figure 1 ). This complexity is a challenge in defining which protein functions should be targeted. A key example is the use of the oldest drugs, DNA-demethylating agents, which have been used in the clinic for potential epigenetic therapy strategies. These drugs must incorporate into DNA as a modified cytosine where they covalently bind all three biologically active DNMTs to inhibit their catalytic activity for DNA methylation (2) . However, the drugs also trigger degradation of DNMTs (79), each of which experimentally can trigger transcriptional repression even with the catalytic sites deleted or mutated (58) (59) (60) (61) 80) . It is almost always overlooked that these latter properties could well be a significant component of the therapy efficacy for specifically targeting these enzymes for cancer therapy.
These points, while challenging, may actually be the strength of epigenetic therapy if we view it as a means to broadly reprogram the cancer epigenome ( Figure 3 ). The reality of accomplishing this, as has been recently stressed (81) , is that a similar comprehensive reprogramming occurs during creation of induced pluripotent stem cells from more mature cells (82) . Similarly, for each manifestation of epigenetic abnormalities in cancer, virtually all oncogenic signaling pathways may be affected and subject to reversion for antitumor effects (1, 5, 83) . For example, just the abnormality of de novo, focal gains in gene promoter hypermethylation simultaneously involve genes in each of these signaling pathways (1, 5, 11) . Furthermore, this concept has implications for other types of targeted therapies, especially those pointed at mutated genes. These often produce robust initial patient responses, but resistance fairly rapidly emerges (84, 85) . While in some cases, new mutations in the targeted protein may be the mechanism of drug resistance, compensation by other parts of the pathway or by other pathways potentially mediated by epigenetic mechanisms may account for the drug resistance.
The current status of epigenetic therapy in solid tumors
Lessons from hematopoietic tumors and current studies in solid tumors. Experience to date with epigenetic therapy in cancer is largely restricted to DNA-demethylating drugs, such as decitabine and 5-azacitidine, and HDAC inhibitors, such as romidepsin and vorinostat, in hematopoietic neoplasms. 5-Azacitidine was approved by the FDA in 2004, and decitabine in 2006, for the leukemia predisposition disorder myelodysplasia (MDS), and these drugs yield good activity in acute myeloid leukemia (AML) (1). Romidepsin has received FDA approval for cutaneous T cell lymphomas and for relapsed peripheral T cell lymphoma (1, (86) (87) (88) .
Responses to epigenetic therapy in solid tumors in early trials, however, were essentially not seen in older studies. The demethylating drugs were initially developed as chemotherapeutic agents and were used at cytotoxic doses producing significant toxicity (1, 89) . Although some responses were seen in isolated cases, it is difficult to reach any conclusions from these data due to the significantly cytotoxic doses that were used.
From the efficacies seen in hematopoietic cancers, especially for the DNA-demethylating drugs, we have proposed two broad principles that underlie targeted epigenetic therapies (5). First, we
Figure 3
Gene expression changes in multiple pathways associated with epigenetic therapy. Treatment with well-tolerated, low doses of epigenetic therapy over multiple cycles initiates widespread changes in gene expression in multiple pathways, including cell cycle, cell adhesion, and apoptosis, that may induce tumor regression or sensitize to chemotherapy. These concepts are currently in clinical trials. Activation of the immune responses such as antigen presentation is also a promising strategy for synergy with immunotherapy.
hypothesized that these agents were initially used in clinical trials at excessive doses, which produced off-target effects and severe toxicities that precluded true efficacy assessment. In the 1990s, doses of 5-azacitidine and decitabine were markedly lowered, permitting prolonged exposure times and exposing patient tumor cells to nM drug levels; this dose reduction was critical to forging the path to FDA approval for MDS (1, (90) (91) (92) (93) (94) . Indeed, nearly half of patients with high-risk MDS treated with 5-azacitidine therapy showed improved response rates, with increasing responsiveness reported following prolonged treatment (95) . Second, patients with MDS/AML generally take months to respond, suggesting, initially, a noncytotoxic mechanism underlying efficacy and raising the possibility that exhaustion of tumor stem-like cell renewal might be involved (5) .
In a preclinical model, the use of in vitro, transient exposure of solid tumor cancer cells to nM doses of either 5-azacitidine or decitabine, which cause minimal initial apoptosis, DNA damage, or cell cycle arrest, supported the above hypotheses, including distinct inhibition of tumorigenic stem-like cells (5) . Subsequent drug withdrawal produced modest but long-lasting, DNA demethylation and prolonged increases in expression of some genes with promoter DNA hypermethylation. Further, antitumor effects were observed in ex vivo self-renewal assays and for explants in untreated, immunosuppressed mice (5). Genomic analyses suggested an extended cellular reprogramming effect for multiple, key tumorigenic pathways, including decreased cell cycle activity, late increases in apoptosis, increased cellular differentiation, reversal of immune evasion signatures, and changes in cell adhesion properties (ref. 5 and Figure 3 ).
In the multi-institutional Stand Up To Cancer (SU2C) project, low-dose 5-azacitidne therapy was administered to patients with solid tumors, focusing initially on the biggest killer, advanced, heavily pretreated, non-small-cell lung cancer (NSCLC) (6) . We paired this drug with the class I and II HDAC inhibitor entinostat (96) , based on lab paradigms that such combinations are additive for facilitating reexpression of DNA-hypermethylated genes by low doses of DNA-demethylating agents (54) . This combination is being tested in multiple clinical trials, although the contribution to clinical efficacy for combining the drugs remains to be confirmed. In a phase II trial (6), the initial results were distinctly promising by several parameters. First, the regimen was well tolerated (ref. 6 and Figure 3) . Second, early indicators of clinical efficacy have been seen in select patients that are remarkable for their multiyear durability; 3% of patients responded to the above drugs alone, with survival times of 3 to 4 years, while another 25% responded to subsequent chemotherapies for years (6) . The possibility of using such therapies to sensitize to subsequent chemotherapies is being tested in other clinical settings, such as use of decitabine to sensitize patients with advanced ovarian cancer to cisplatin (97) (98) (99) (100) . For all these studies, patient numbers are small, but results have spurred subsequent larger trials, which are now ongoing. It cannot be overemphasized that, based on the above early results in solid tumors, we may be learning a critical concept: while typical clinical criteria such as tumor shrinkage is not unimportant, it may not be the most robust arbiter of efficacy for epigenetic therapies. Longterm consequences from epigenetic therapies, such as significantly improving survival or improving the "tail" on the survival curve, may be critical to efficacy and/or sensitization to subsequent therapies (Figure 3) . Trial designs that do not take these parameters into account may miss critical benefits, such as those observed for lung cancer. The challenge is also to personalize patient responses, to match efficacy with preclinical models and genomics approaches, and to derive biomarker strategies that can predict and/or monitor the long-term consequences of therapy.
The future for solid tumors. We believe the clinical results to date indicate that targeting DNMTs will play an important role in the epigenetic therapy of solid tumors. Similar trials as those in NSCLC are ongoing in advanced breast and colorectal cancers, and a larger trial to sensitize patients to cisplatin is underway; however, many challenges remain. The current DNA-demethylating agents will likely stay in use, but maximizing their potential may require additional modifications. First, there are pharmacologic considerations. The current DNA-demethylating agents have a short half-life, and the means to extend tumor exposure but maintain low-dose scenarios are needed. In this regard, SGI-110, a novel compound with a pro-drug mechanism that releases decitabine as the final product (101, 102) , has shown promising activity in early clinical trials in myeloid malignancies. An additional consideration is the route of delivery of the demethylating drugs, which currently is subcutaneous and intravenous. An oral azacitidine now being tested in solid tumors has shown clinical activity in MDS and chronic myelomonocytic leukemia, and the chronic exposure with this formulation may improve the bioavailability of the drug along with patient compliance (103, 104) .
Targeting DNMTs is also an exciting area for future development, given that these proteins interact with regulatory factors controlling the epigenome. Such a strategy may obviate a current problem suggested by our preclinical model. While the low doses of DNMT inhibitors may induce specific targeting of these proteins and cellular reprogramming, the results for demethylation and gene expression consequences are modest (5). Our preclinical model is not a direct therapeutic one, and it is unclear how the transient doses used relate to the precise drug exposure levels seen by tumor cells in the patient therapies currently employed. Moreover, the clinical trials, in general, used combination epigenetic therapy of DNMT inhibitors and HDAC inhibitors. The resulting DNA demethylation and gene expression may be higher in the clinical setting, but preclinical data suggest that current drugs will need additional improvements to maximize efficacy. Raising the doses will likely result in toxicities and off-target effects.
Multiple sound, biochemical hypotheses are relevant to meeting these challenges. Each interacting step that initiates and/or maintains epigenetic regulation is potentially targetable to reverse focal gains in DNA methylation (Figure 2 ). HDAC inhibitors are currently being added to DNA demethylases to increase lysine deacetylation, although this combination may or may not increase efficacy (54) . Perhaps blocking the mechanisms by which HDACs collaborate with DNA methylation in gene reexpression would be better, and targeting MBDs, key scaffolding proteins that recruit and/or maintain HDACs at sites of DNA hypermethylation, can be investigated. Furthermore, the NuRD complex constituents, perhaps again through HDAC involvement, are an attractive target for facilitating gene reexpression activity of low-dose DNA-demethylating agents (64) .
Additionally, a simultaneous increase in the active histone modifications histone H3K4 dimethylation (H3K4me2) and trimethylation (H3K4me3) also merits strong consideration. Full repression and absence of proper positioning of these active modifications around proximal gene promoters is a universal finding for de novo, DNAhypermethylated genes in cancer (41, 105) . When DNA-demethylating agents lead to reexpression of the genes, local levels of these active modifications always increase, and their positions surround-ing start sites of active genes is assumed (106) . Furthermore, high levels of these modifications surrounding gene promoters antagonize DNA methylation (107) (108) (109) . Several erasers of the H3K4me2 and -3 marks are attractive candidates to target to increase these active marks, especially as these erasers are reported to have oncogenic roles (31, 32, 110, 111) . For example, lysine-specific demethylase 1(LSD1), which can erase the H3K4me2 mark and Jumonji, AT-rich interactive domain (JARID proteins) such as lysine demethylase 5a (KDM5a) and KDM5b, which erase the H3K4me3 mark, are implicated in oncogenesis (32, (110) (111) (112) . The proteins interact with DNMTs, and inhibition of LSD1 has been associated with reexpressing DNAhypermethylated genes (32) . Furthermore, decreasing JARID proteins has been reported to decrease self-renewal of stem-like cells in melanomas and to reverse epigenetically mediated drug resistance associated with tumor cells (110, 111) . Drug development for inhibiting these erasers is underway, and consideration of combinatorial approaches with DNA-demethylating agents is warranted. Likewise, increased levels of the repressive mark H3K9 methylation are well associated with recruitment and maintenance of DNA methylation from model organisms to humans (113, 114) . Inhibition of the writers of this mark, such as histone methylases like G9a, which associates with DNMTs (114, 115) , could be useful. Inhibitor compounds for these proteins are under development.
Targeting EZH2, the PcG component that is the writer for the repressive H3K27me3 mark, also bears consideration for complicated reasons. In cancer, a special relationship exists between the vulnerability of genes to DNA hypermethylation and their regulation by PcG control without promoter DNA methylation in stem and progenitor cells (41, 49, 50, 68) . EZH2 is among the PcG proteins that interact with DNMTs in complexes that may attract DNA methylation (56, 67) , but once methylation is established, these proteins may actually be reduced or repelled (108) . Also, the balance in tumor subtypes between whether abnormal gene suppression may be more dominant for DNA methylation versus PcG control (41, 72, 73 ) may need to be considered. Nevertheless, potent inhibitors for EZH2 are near clinical trials for hematopoietic neoplasms wherein gain-of-function EZH2 mutations has been recognized (74, 75) . How to employ these compounds in solid tumors, and whether combinatorial approaches with DNA-demethylating agents might be efficacious, again merits testing.
Finally, recurrent somatic mutations in epigenetic regulators are increasingly being identified, and how these will drive response to epigenetic therapy is as yet unclear. Mutations in TET2 and isocitrate dehydrogenases IDH1 and IDH2 are seen in gliomas and leukemia (116) (117) (118) (119) (120) (121) (122) , and IDH1 mutations in gliomas correlate with a DNA CpG island methylator phenotype (116, 123) . Preliminary encouraging data suggest that patients with mutations in these epigenetic regulators may particularly benefit from demethylating therapy, with preclinical studies showing decreased tumor growth and induction of tumor differentiation (124, 125) . More recently, mutations in the SWI/SNF chromatin remodeling complex, especially in the AT-rich interactive domain 1A (ARID1A), have also been identified in a multitude of solid cancers including pancreas, breast, ovarian, gastric, and colon (42, (126) (127) (128) , although the relationship between ARID1A mutations and downstream cancer epigenome is still being elucidated.
Moreover, the translation of epigenetic therapy into the clinical arena will be nuanced, requiring personalized approaches along with an understanding of the tumor subtypes and its epigenomic landscape. It is as yet unclear which subsets of patients will benefit from primary epigenetic therapy and whether the mechanisms of response are solely related to reversal of gene silencing or to multiple pathways. Moreover, as epigenetic therapy is being tested to prime for chemotherapy response in clinical trials, one could also conceivably promote drug resistance. As an example, MGMT methylation has been shown to predict response to alkylating agents, and use of demethylating drugs for priming in this subpopulation may in fact promote drug resistance (129) .
Conclusions
The challenges are enormous for moving forward in terms of drug development, pharmacokinetic considerations, dosing schedules, and combinatorial concepts. Preclinical models and genomics that take the special effects of epigenetic therapy into account must be used in developing new strategies. How one gauges the phenotypic consequences and readouts for even the most creative approaches to epigenetic therapy may be the most important arbiter of the extent to which epigenetic therapies are pursued or how rapidly such therapies gain traction in the clinic. Failure or misinterpretation of results in these preclinical stages could doom many excellent concepts to premature rejection or encourage vigorous pursuit of concepts that will not work. This caveat is important to clinical trial design; the strength of epigenetic therapies may yield long-term improvements in patient survival and cancer management without producing typical acute clinical responses. We postulate that as these considerations become more refined and judiciously employed, epigenetic therapy may have a bright future in new therapies that will dramatically change the management of cancers with some of the highest morbidity and mortality statistics. As we learn to do this, given that epigenetic abnormalities are apparent early in cancer risk and premalignant states, we may someday derive strategies for the ultimate cancer management goal: its prevention.
